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a  b  s  t  r  a  c  t
The  present  study  was  conducted  to  identify  the  major  heparin-binding  proteins  (HBPs)
in  the seminal  plasma  from  tropically  adapted  Morada  Nova  rams,  raised  in the  North-
east  of Brazil.  Seminal  plasma  samples  from  six  adult,  reproductively  sound  rams  were
collected  and  subjected  to heparin  afﬁnity  chromatography.  HBPs  were  separated  by  one-
dimensional  SDS-PAGE  and  the  main  13  bands  were  excised  from  the  gel,  digested  with
trypsin  and  identiﬁed  by  tandem  mass  spectrometry.  Based  on  the integration  of the area
under  the  chromatographic  peaks,  the  vast  majority  of  proteins  in the  ram  seminal  plasma
(83.5%) matched  to  those  without  afﬁnity  for  heparin.  However,  only  16.5%  of  these  pro-
teins effectively  bind  to  heparin.  HBPs  identiﬁed  in  this  study  include  clusterin,  Bodhesin
2,  matrix  metalloproteinase  2, beta mannosidase  and dentin  matrix  acidic  phosphoprotein
1,  among  others.  Given  the  putative  biochemical  characteristics  of  HBPs,  we  suggest  that
heparin-binding  proteins  of  the  ram  seminal  plasma  modulate  several  aspects  of  the  repro-
ductive events,  such  as sperm  capacitation,  formation  of  the  oviduct  reservoir,  sperm–egg
binding,  and  protection  against  microorganisms  and  oxidative  stress.  In contrast  to  what
has been  reported  for other  species,  binder  of  sperm  proteins  (BSP)  expressed  in ram  semi-
nal plasma  were  not  detected  among  HBPs.  These  ﬁndings  were conﬁrmed  by  both  mass
spectrometry  and  Western  blot.  These  ﬁndings  are  novel  and  raise  questions  about BSPs
ability to  capacitate  ram  sperm,  as they  function  in other  mammals,  such  as the  bovine.
The  approach  used  in  the  present  study  also  allowed  the identiﬁcation  of  proteins  never
reported  before  in the  ram  seminal  plasma,  such  as dentin  matrix  acidic  phosphoprotein,
cathelicidin  and  lactoperoxidase.  Considering  the  importance  of  heparin  as  a  binding  part-
ner in  reproductive  events,  our  ﬁndings  give  new  insights  on the  roles  of seminal  plasma
proteins  in  the  ram.
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1. Introduction
Seminal plasma protein proﬁles have been reported
for several species, including human (Pilch and Mann,
Open access under the Elsevier OA license.2006), bovine (Killian et al., 1993) and rams (Nel-Themaat
et al., 2006; Souza et al., 2012). Such proteins affect
a diverse range of functions, including modulation of
sperm maturation, protection against microorganisms,
minant 116 J.A.M. Martins et al. / Small Ru
complement-induced attacks and oxidative stress, among
others, as previously reviewed by Moura et al. (2010).
One special feature of the seminal plasma proteins is their
ability to induce sperm membrane changes in the female
oviduct environment such as sperm capacitation and acro-
some reaction (Thérien et al., 2001). Sperm capacitation
is necessary for the acrosome reaction and is poten-
tially enhanced by glycosaminoglycans (GAGs; Lee et al.
(1986)), such as heparin (Parrish et al., 1988). Heparin and
heparin-like glycosaminoglycans are present in the female
reproductive tract ﬂuids, including uterine, oviductal and
follicular ﬂuid (Lee and Ax, 1984; Thérien et al., 1995).
Heparin-binding proteins found in the seminal plasma of
several mammalians were shown to bind to sperm mem-
brane and affect a series of events that contribute to normal
fertility, such as sperm capacitation (Thérien et al., 1995),
formation of the oviduct reservoir (Gwathmey et al., 2006)
and binding to the oocyte (Talevi and Gualtieri, 2010). Pro-
ﬁles of heparin-binding proteins from sperm membranes
have been associated with bull fertility, with proteins with
greater afﬁnity for heparin being more abundant in the
sperm of high fertility sires (Bellin et al., 1994).
Although heparin-binding proteins (HBPs) present in
the seminal plasma are well known in humans (Kumar
et al., 2008), pigs (Manásková et al., 2002) and bovine
(Mccauley et al., 2001), little is known about HBPs of the
ram seminal plasma. Recently, we described the proteome
of the seminal plasma from hairy rams (Souza et al., 2012)
but this ﬁrst study did not include any detailed char-
acterization of biochemical attributes of those proteins.
Thus, given the importance of heparin-afﬁnity proteins for
the success of fertilization, the present study was  focused
on this category of proteins from the hairy ram seminal
plasma.
2. Materials and methods
2.1. Seminal plasma collection and total protein assay
All rams were managed according to international guidelines for
research involving animals (Moura et al., 2010). Six adult and reproduc-
tively sound Morada Nova rams were used in this research. All rams had
their scrotum, penis and prepuce inspected and were weekly subjected to
semen collection and evaluation (sperm motility, vigor, concentration and
morphology). Two ejaculates from each ram were collected by electroe-
jaculation and analyzed for sperm motility and concentration (Souza et al.,
2010). Ten microliters of a protease inhibitor cocktail (Sigma–Aldrich, St.
Louis, MO,  USA) containing AEBSF (4-(2-aminoethyl) benzenesulfonyl ﬂu-
oride), pepstatin A, E-64, bestatin, leupeptin, and aprotinin were added
to  each 1 mL  of collected semen to prevent proteolysis. Semen samples
were centrifuged at 700 × g, 4 ◦C, for 15 min  to separate spermatozoa from
seminal plasma, which was  then centrifuged at 10,000 × g, 4 ◦C for 1 h to
remove cell debris, as reported before (Souza et al., 2010). The supernatant
was  aliquoted and stored at −80 ◦C until further analysis. We  used one of
these aliquots for quantiﬁcation of total protein concentration (Bradford,
1976), using the Quick Start Bradford Protein Assay quantiﬁcation kit
(Bio-Rad, Hercules, CA, USA).
2.2. Heparin afﬁnity chromatography of ram seminal plasma
Aliquots containing 300 L of seminal plasma were subjected to hep-
arin afﬁnity chromatography, using a 5 mL HiTrap Heparin HP column (GE
Healthcare, Piscataway, NJ, USA), coupled to an automated Fast Perfor-
mance Liquid Chromatography System (FPLC System, Pharmacia, Uppsala,
Sweden). An initial low ﬂux of 0.5 mL/min of binding buffer (Tris 40 mM,
CaCl2 2 mM,  sodium azide 0.01%, PMSF 1 mM)  was applied to allow
heparin-binding proteins to interact with the column. After 5 min, theResearch 113 (2013) 115– 127
ﬂow was  accelerated to 2 mL/min and, at 30 min, retained proteins were
eluted using 1 M NaCl added to the binding buffer. After chromatography,
fractions (2 mL)  were read at 280 nm to determine the peaks containing
proteins without afﬁnity (NHBP) and heparin-binding proteins (HBPs).
Fractions corresponding to HBP were pooled, desalted using a HiTrap
Desalt Column (GE Healthcare, Piscataway, NJ, USA). Fractions represent-
ing  NHBP were treated similarly. The desalted samples were lyophilized
until completely dried. In brief, samples were frozen in 50-mL conic
tubes for 8 h in a −80 ◦C freezer, and were then transferred to a Freezone
lyophilizer (Labconco, MO,  USA) for approximately 48 h, until samples
were completely dry.
2.3. Polyacrylamide gel electrophoresis (SDS-PAGE) and gel
computational analysis
Lyophilized HBPs from the seminal plasma of each of the six rams,
obtained after afﬁnity chromatography, were re-suspended in 300 L of
ultrapure water and protein concentration was  determined as described
above. For one-dimensional electrophoresis, a volume containing 10 g
of  ram seminal plasma HBPs was mixed with sample buffer (0.125 M
Tris–HCl, pH 6.8, 4% SDS, 20% (v/v) glycerol, 0.2 M DTT, 0.02% bromophe-
nol blue), boiled for 90 s, and loaded into the wells of a stacking gel (4%
acrylamide), laid on top of a 10–15% gradient polyacrylamide resolving
gel. An equal amount of whole seminal plasma proteins was also applied
as  a control. In one well of stacking gel, ten microliters of 225–12 kDa
molecular weight standard mix (GE Healthcare, Piscataway, NJ, USA) was
loaded to allow molecular weight estimation of the protein bands. An ini-
tial current of 20 mA per gel was applied for 1 h to make proteins slowly
migrate through the stacking gel. After that, the current was increased to
30  mA.  The gel was stained with Coomassie Brilliant Blue (CBB-R250) for
12 h, and destained after several washes in a solution containing ethanol
(40%), acetic acid (10%) in double distilled water, as previously described
in  detail (Souza et al., 2012; Rodrigues et al., 2013). After destaining, the
gel  was  scanned at 300 dpi (Image Scanner, GE Healthcare, Piscataway, NJ,
USA) and saved as a TIFF ﬁle.
The one-dimensional protein map  was analyzed using Quantity One®
software, v.4.6.3 (Bio-Rad, Rockville, MD,  USA). The gel image was auto-
matically transformed and a crop area determined to display only the
lanes and bands, without border artifacts. Then, gel background was sub-
tracted using the background stripe tool, and image was  ﬁltered for salt
and pepper noise using an outlier density distribution and a 3 × 3 ﬁlter.
Lanes were framed and bands were detected automatically by the soft-
ware. Lanes were individually revised by lane plot density and 3-D viewer
tools, and bands that had not been detected were manually added. The
molecular weight of each band was estimated according to the molecular
weight markers, using a point-to-point regression model available in the
Quantity One software. Gel bands were matched, normalized and protein
quantitation (maximum number of pixels in each band) was  calculated
by the software.
2.4. Identiﬁcation of the proteins by ESI-Q-ToF mass spectrometry
The 13 most abundant heparin-binding protein bands detected in
the 1-D gels were individually excised from the gels, cut into 1-mm3
pieces, destained and subjected to in-gel trypsin digestion, as previously
described (Rocha et al., 2009; Moura et al., 2010; Souza et al., 2012).
The protein digests were identiﬁed by tandem mass spectrometry (Rocha
et al., 2009). Brieﬂy, the extracted peptides were cleaned on C18 micro-
columns (ZipTip® , Millipore), and were desalted on line using a Waters
Opti-Pak C18 trap column. The LC system used on line with the MS was
a  nano-Acquity UltraPerformance LC® (Waters, Milford, MA,  USA). The
data were processed using Mascot Distiller (Matrix Science Ltd.) and sub-
jected to database search using Mascot Server 2.3 (Matrix Science Ltd.),
as  previously reported (Rocha et al., 2009; Moura et al., 2010; Souza et al.,
2012).
2.5. Immunodetection of BSPs and Bodhesin2 in fractions of seminal
plasma proteins with or without afﬁnity for heparinTwenty micrograms of seminal plasma, heparin-binding and non-
binding proteins were subjected to separation according to molecular
weight by 1D SDS-PAGE in 12.5% acrylamide gels. Proteins were trans-
ferred from gels to PVDF membranes (Hybond-P, GE Lifesciences, USA)
using a semi-dry transfer unit (TE 70, GE Lifesciences, USA) and allowed
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o  air-dry. Membranes were blocked overnight, and incubated with pri-
ary antibodies (1:1000 for anti-BSP1 and 1:750 for anti-Bodhesin 2),
s previously described (Souza et al., 2012). Positive controls consisted
f  application of the primary antibody directly to the membrane, bovine
eminal plasma and chromatography elution buffer alone, while negative
ontrol comprised revelation of a similar membrane without exposition
o the primary antibody (data not shown).
Antibodies against bovine Binder of Sperm Protein 1 – BSP1
Manjunath and Sairam, 1987) were kindly provided by Dr. Puttaswamy
anjunath (Department of Medicine, University of Montréal, Canada).
olyclonal antibodies against Bodhesin, commercially developed (Rhea
iotech, Campinas, SP, Brazil), were raised in rabbits against a peptide
SSNQPVSPFDIFYYERPSA) corresponding to the C-terminus sequence of
odhesin 2 (Bdh-2; gi: 121484235), as previously identiﬁed by MS/MS in
eminal plasma samples from rams (Souza et al., 2012).
. Results
Chromatographic conditions were efﬁcient to separate
eminal plasma proteins in two main peaks. The ﬁrst peak
as eluted in the absence of NaCl and represented the
eminal proteins without afﬁnity for heparin. These com-
onents were equivalent to 83.5% of the whole ram seminal
lasma proteins, based on the integration of the area under
he peak. The elution time of 30 min  with binding buffer
as sufﬁcient for total exclusion of non-binding proteins
nd ensured the separation of the second peak, corre-
ponding to the heparin-binding proteins (HBPs). This peak
epresented 16.5% of the seminal plasma proteins of the
ams (Fig. 1).
One-dimensional gel electrophoresis of proteins col-
ected in the second peak (HBP) allowed the detection of
5 bands, with molecular weights from 10 to 232.2 kDa
Fig. 2). Based on pixel intensity, the 13 most intense bands
epresented 44.6% of all HBP proteins detected in the 1-D,
oomassie Blue-stained gels (Fig. 2). These 13 bands were
elected for identiﬁcation by mass spectrometry. Bands
, 3, 4, 12 and 13 were the most abundant among all
ands and contained lactoperoxidase, beta mannosidase,
perm adhesion molecule 1 (SPAM1), factor XIIa inhibitor,
actoferrin, -2-macroglobulin, bactericidal/permeability
ncreasing protein (BPI), UDP-glucose-transferase, dentin
atrix acidic phosphoprotein 1 (DMP1), HRPE 773-
ike, Bodhesin 2, sorbitol dehydrogenase and tubulin
olymerization-promoting protein 2 (Fig. 2; Table 1). Other
roteins identiﬁed include clusterin, glutathione peroxi-
ase 5, cathelicidin 1, matrix metalloproteinase 2, acrosin
nd heat shock protein 70 kDa.
Antibodies against the Binder of Sperm Protein 1 (BSP1)
howed reactivity with ovine RSVP14, but not with RSVP22,
eacting with a single band of 14 kDa in the seminal plasma
nd in the fraction with proteins without afﬁnity for hep-
rin (Fig. 3A). The anti-Bodhesin 2 antibody reacted with
wo bands at 12 and 16 kDa, appearing in both the seminal
lasma and HBP fractions (Fig. 3B).
. Discussion
Heparin-binding proteins (HBPs) are found in nearly all
issues (Chandonnet et al., 1990; Nagdas et al., 2010) and
ody ﬂuids of mammals (Cancilla et al., 2000; Sakaue et al.,
010). In this study, we identiﬁed 22 HBPs from samples
f seminal plasma collected from reproductively normalesearch 113 (2013) 115– 127 117
Morada Nova rams. Based on functional attributes of the
HBPs and information from the literature, we  discuss below
the participation of those proteins in crucial events related
to male reproduction, such as sperm capacitation and pro-
tection, formation of the oviduct reservoir and sperm–egg
interaction.
Glutathione peroxidase 5, lactoperoxidase and lacto-
ferrin protect sperm against oxidative stress. Glutathione
peroxidase 5 (GPx-5), an epididymal isoform of peroxi-
dases (Sorensen et al., 2003) is an important scavenger in
cauda epididymal ﬂuid, maintaining sperm motility and
protecting the membrane against the effects of lipid per-
oxidation (Mader et al., 2006). Knockout mice for GPx-5
had increased DNA oxidation in cauda epididymal sperm
and were also infertile (Sorensen et al., 2003). Lactofer-
rin is secreted in the epididymis (Fouchécourt et al., 2000;
Leonardi et al., 2009) and our results showed that it is also
present in the seminal vesicle ﬂuid of rams (Souza et al.,
2012). Lactoferrin exerts antimicrobial activity (Tsujioka
et al., 2011) and also binds to sperm (Leonardi et al., 2009;
Horlacher et al., 2011). In addition, lactoferrin prevents
lipid peroxidation and formation of reactive oxygen species
by chelating ionic iron, protecting the sperm membrane
through the Fenton reaction (Wakabayashi et al., 1999).
Lactoperoxidase (LPO) is present in several biological
ﬂuids and mucosal surfaces (Zanetti et al., 1995; Chabory
et al., 2010) and appears to have a dual function in pro-
tecting the reproductive tract and sperm. It catalyzes the
H2O2-dependent oxidation of thiocyanate into hypothio-
cyanous acid, a mild oxidant with antimicrobial activity
(Ihalin et al., 2006). At the same time, LPO scavenges
excess hydrogen peroxide, protecting sperm against its
effects. Cathelicidin is another seminal plasma component
that, in combination with lactoferrin and LPO, seems to
act in the protection of sperm against bacterial activity.
Cathelicidins are a family of cationic proteins that have a
cathelin domain, followed by a cleavage site (Wang et al.,
2003). Cathelicidin is synthesized as a preprotein and,
after proteolysis, releases the active antimicrobial peptide
(Ramanathan et al., 2002). It is produced in its inactive form
by the epididymis and cleaved by accessory sex ﬂuid pro-
teases after ejaculation (Marín-Briggiler et al., 2008). Thus,
it seems that seminal cathelicidin is designed to protect
sperm against microorganisms in the vaginal environment.
To the best of our knowledge, this is the ﬁrst publication
to report the expression of lactoperoxidase in the repro-
ductive ﬂuids of any species. It is also the ﬁrst to describe
the expression of cathelicidin in the seminal plasma of
rams. Similar to cathelicidin, bactericidal permeability-
increasing (BPI) protein belongs to a family of antimicrobial
proteins. BPIs bind to lipopolysaccharide in the membrane
of gram-negative bacteria and activate endogenous phos-
pholipase, resulting in membrane damage (Gabrielli et al.,
2011). BPIs are secreted into the epididymal lumen, where
they also bind to the acrosome membrane (Hecht et al.,
2011).
Chaperones such as clusterin and heat shock protein 70
were found as seminal plasma components with afﬁnity
for heparin. Clusterin is abundant in the cauda epididymal
and accessory sex gland ﬂuids of bulls (Moura et al., 2007,
2010) and secreted in response to cellular injury (Meri and
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Table 1
Heparin-binding proteins of the seminal plasma of adult Morada Nova rams. Proteins were separated by one-dimensional SDS-PAGE and identiﬁed by
tandem mass spectrometry (ESI-Q-ToF). Band numbers refers to those shown in Fig. 2 and in the table.
Band # and protein
name
Molecular
weight
(kDa)
Accession
number
MS/MS
protein
score
Sequence
covered (%)
Matched peptides Ion
score
emPAIa
BAND 1 73.9
Lactoperoxidase 57526221 748 40 (163)WLPAEYEDGLAVPFGWTQR(87) 80 1.29
(199)IVGYLDEEGVLDQNR(213) 67
(214)SLLFMQWGQIVDHDLDFAPETELGSSEHSK(243) 117
(280)AGFVCPTPPYQSLAR(294) 44
(295)DQINSVTSFLDASLVYGSEPSLASR(319) 286
(373)ASEQILLATVHTLLLR(388) 211
(373)ASEQILLATVHTLLLREHNR(392) 28
(400)LNPHWDGEKLYQEAR(414) 51
(415)KILGAFIQIITFR(427) 122
(416)ILGAFIQIITFR(427) 100
(416)ILGAFIQIITFRDYLPIVLGSEMQK(440) 135
(428)DYLPIVLGSEMQK(440) 85
(456)ISNVFTFAFR(465) 69
(456)ISNVFTFAFRFGHMEVPSTVSR(477) 81
(466)FGHMEVPSTVSR(477) 17
(486)GPEAELPLHTLFFNTWR(502) 26
(545)IHGFDLAAINLQR(557) 119
(603)TPDNIDIWIGGNAEPMVER(621) 127
(624)VGPLLACLLGR(634) 123
(645)FWWENPGVFTEK(656) 78
(679)VPLHAFQANNYPHDFVDCSAIDKLDLSPWASR(710) 7
(702)LDLSPWASR(710) 40
Hyaluronidase
PH-20  (SPAM1)
31616581 175 8 (83)SATGQFITLFYADR(96) 160 0.19
(163)DVYRDESVELVLQK(176) 86
(177)NPQLSFPEASK(187) 50
Lactoferrin 254656113 169 23 (141)SAGWNIPMGILRPFLSWTESAEPLQGAVAR(170) 75 0.22
(217)CLQDGAGDVAFVK(229) 25
(230)ETTVFENLPEK(240) 37
(278)SVDGKENLIWELLR(291) 59
(283)ENLIWELLR(291) 27
(305)FQLFGSPQGQK(315) 30
(406)GEADALSLDGGYIYTAGK(423) 35
(439)YSSLDCVLRPTEGYLAVAVVK(459) 69
(623)AAHVEQVLLHQQALFGK(639) 81
(657)NLLFNDNTECLAK(669) 9
(679)YLGTEYVTAIANLK(692) 5
(679)YLGTEYVTAIANLKK(693) 11
Beta  mannosidase 5081368 49 4 (325)TVELVEEPIQNSPGLSFYFK(344) 7 0.03
(374)LLLQSVVDANMNALR(388) 59
Alpha-2-
macroglobulin
157954061 42 2 (362)GIPFTGKVLLVDGK(375) 42 0.02
(599)AVDQSVLLMRPEAELSAATVYNLLPVK(625) 25
Factor  XIIa
inhibitor
27807349 40 3 (111)SAEAVLGEALTDFSLR(126) 40 0.06
BAND  2 70.1
Lactoperoxidase 57526221 217 11 (295)DQINSVTSFLDASLVYGSEPSLASR(319) 103 0.14
(373)ASEQILLATVHTLLLR(388) 51
(415)KILGAFIQIITFR(427) 39
(416)ILGAFIQIITFR(427) 39
(456)ISNVFTFAFR(465) 27
(603)TPDNIDIWIGGNAEPMVER(621) 9
72  kDa type IV
collagenase
(MMP-2)
261244994 150 11 (81)FFGLPQTGELDQSTIETMR(99) 52 0.21
(129)IIGYTPDLDPQTVDDAFAR(147) 47
(148)AFQVWSDVTPLR(159) 25
(472)QDIVFDGISQIR(483) 39
(552)GYPKPLTSLGLPPDVQK(568) 10
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Table 1 (Continued)
Band # and protein
name
Molecular
weight
(kDa)
Accession
number
MS/MS
protein
score
Sequence
covered (%)
Matched peptides Ion
score
emPAIa
Hyaluronidase
PH-20 (SPAM1)
31616581 109 10 (83)SATGQFITLFYADR(96) 30 0.14
(97)LGYYPHIDEK(106) 5
(163)DVYRDESVELVLQK(176) 42
(177)NPQLSFPEASK(187) 33
BAND 3 44.6
Lactoperoxidase 57526221 64 5 (295)DQINSVTSFLDASLVYGSEPSLASR(319) 81 0.05
(373)ASEQILLATVHTLLLR(388) 9
UTP-glucose-1-P
uridylyltrans-
ferase
41386780 43 3 (134)NENTFLDLTVQQIEHLNK(151) 43 0.07
Bacterial
permeability-
increasing
protein
27806919 40 2 (228)VAGVDYSLVAPPR(240) 40 0.08
BAND 4 38.3
Dentin matrix
acidic
phosphoprotein
1
DMP1 RAT (424)SEENRDSDSQDSSR(437) 25
BAND 5 34.6
Fructose-1,6-
biphosphatase
1
77735849 148 22 (27)GTGEMTQLLNSLCTAVK(43) 6
(52)AGIAHLYGIAGTTNVTGDQVK(72) 48
(207)GSIYSLNEGYAK(218) 30
(219)DFDPALTEYVQR(230) 45
(256)TLVYGGIFMYPANK(269) 18
Beta  acrosin 11513871 105 10 (66)EVEWGTNKPVKPPLQER(82) 39
(93)YSASSEANDIALMK(106) 128
Clusterin
preprotein
27806907 91 7 (63)LLLSSLEEAK(72) 8
(63)LLLSSLEEAKK(73) 22
(177)ASSIMDELFQDR(188) 42
(332)LYDQLLQSYQQK(343) 20
BAND 6 32.5
Clusterin
preprotein
27806907 318 23 (63)LLLSSLEEAKK(73) 41
(153)IDSLMENDREQSHVMDVMEDSFTR(176) 52
(177)ASSIMDELFQDR(188) 121
(193)RPQDTQYYSPFSSFPR(208) 36
(332)LYDQLLQSYQQK(343) 42
(401)LFNSFPITVTVPQEVSSPNFMENVAEK(427) 95
BAND 7 21.9
Phosphoglycerate
kinase 2
174840786 90 11 (157)LGDVYVNDAFGTAHR(171) 33
(200)ALENPERPFLAILGGAK(216) 49
(247)VLNNMEIGASLFDEEGAK(264) 8
BAND 8 17.6
Glutathione
peroxidase 5
149754724 69 11 (107)QEPGENSEILPGLK(120) 30
(186)FLVGPDGVPVMR(197) 67
BAND 9 15.4
Bodhesin 2 121484235 78 18 (87)SSNQPVSPFDIFYYERPSA(105) 78
Extracellular
matrix protein 1
153791660 53 2 (183)QGETLNLLETGYSR(196) 53
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Table 1 (Continued)
Band # and protein
name
Molecular
weight
(kDa)
Accession
number
MS/MS
protein
score
Sequence
covered (%)
Matched peptides Ion
score
emPAIa
BAND 10 13.9
Heat-shock protein
70
HS71L BOVIN 27 2 (174)IINEPTAAAIAYGLDK(189) 27
BAND  11 13.2
Bodhesin 2 121484235 134 27 (12)ISSSFSWGPK(21) 42
(87)SSNQPVSPFDIFYYERPSA(105) 92
Cathelicidin-1
precursor
27807341 93 10 (41)AVDQLNEQSSEPNIYR(56) 93
BAND  12 12.2
HRPE773-like
[predicted]
297464115 58 12 (34)DFQNDITGIR(43) 59 0.22
(44)VFIGPLGLIK(53) 31
BAND  13 10.9
Tubulin
polymerization-
promoting
protein2
78042470 370 32 (12)FAVFGESSSSGTEMNNK(28) 121
(44)TVTSTDVDIVFSK(56) 80
(64)TITFQQFQEAMK(75) 103
(84)GKSPDEALENIYK(96) 49
(86)SPDEALENIYK(96) 68
Sorbitol
dehydrogenase
82617550 83 4 (193)AMGAAQVVVTDLSASR(208) 83
18Bodhesin 2 121484235 56 
a emPAI: Exponentially Modiﬁed Protein Abundance Index.
Jarva, 2001). It is involved in the reabsorption of damaged
sperm as well as protection of sperm against complement-
mediated immune responses (Sylvester et al., 1991; Bailey
and Griswold, 1999). Heat shock protein 70, in turn, is pro-
duced to mitigate the effects of cell stress (Fang and Zhang,
2008). Although intracellularly produced, these proteins
may  be released in various circumstances and interact with
surrounding cells (Speight et al., 2012). Some heat shock
proteins bind to sperm membrane lipids (Molina et al.,
2000; Torres-Júnior and Henry, 2005) and may  also work
as adhesins during gamete binding (Gaviraghi et al., 2010).
The Sperm Adhesion Molecule 1 (SPAM1) is a
hyaluronidase secreted in both the male and female repro-
ductive tract and it is associated with gamete interaction
(D’amours et al., 2010). Studies have shown that two
isoforms of SPAM1 are part of the sperm membrane,
one with 80 kDa, produced during spermatogenesis, and
another with 70-kDa, representing an epididymal form
(Lippolis and Reinhardt, 2010). This epididymal form has
hyaluronidase activity and enhances sperm’s ability to pen-
etrate the cumulus complex, while the p80 form is exposed
only during acrosome reaction (Lippolis and Reinhardt,
2008). Based on similarities of molecular weight, it is
possible that the heparin-binding SPAM1 found in the
ram seminal plasma, with 70 kDa, is the epididymal form.
Since its hyaluronidase activity can be inhibited by heparin
(Denhardt, 2004), heparin-binding SPAM1 may  enhance
sperm movement through the cumulus–oocyte-complex.
Acrosin is one of the major sperm acrosomal proteases
(Erikson et al., 2003) that modulates protein dispersion(87)SSNQPVSPFDIFYYERPSA(105) 56
during acrosome reaction (Chakraborty et al., 2006) and
sperm penetration into the zona pellucida (Topfer-Petersen
et al., 2008). It is possible that heparin-afﬁnity acrosin
found in our seminal plasma samples were detached from
sperm in the cauda epididymis. This shedding of acrosin
from sperm appears as a consequence of sperm storage in
the epididymis, given that seminal plasma contains acrosin
inhibitors (Xuan et al., 1995) to prevent premature proteo-
lysis of sperm and ﬂuid proteins. Matrix metalloproteinase
2 (MMP2) is a gelatinase involved, among other events, in
pericellular proteolysis (Carmo, 2008) and likely in mem-
brane remodeling during sperm maturation. However, the
activity of enzymes such as MMP-2 needs to be modu-
lated by protease inhibitors, like the tissue inhibitor of
metalloproteinase 2 (TIMP-2). This component has been
detected in the seminal plasma of adult Santa Inês rams
(Nel-Themaat et al., 2006; Souza et al., 2012), cauda epi-
didymal (Métayer et al., 2002) and accessory sex gland
ﬂuids of the bovine (Moura et al., 2007). Bulls containing
sperm-bound TIMP-2 are more fertile than those without
TIMP-2 (Mccauley et al., 2001) and positive associations
exist between MMP2  activity in the seminal plasma and
sperm motility (Hao et al., 2008), suggesting that this
protein modulates important aspects of sperm function.
Alpha-2-macroglobulin is a nonspeciﬁc protease inhibitor
also found in the heparin-binding fraction of the Morada
Nova rams seminal plasma. It appears to act in concert
with other epididymal protease inhibitors to control pro-
tease action during sperm maturation (Peloille et al., 1997).
Another protease inhibitor with afﬁnity for heparin in
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80  nm.  Dotted line represents the percentage of elution buffer (1 M NaC
he ram seminal plasma is factor XIIa inhibitor. In the
rostate, this protein regulates the activity of factor XIIa, a
rostatic serine protease which hydrolyzes prekallikreins,
esulting in the active enzyme kallikrein (Falkner et al.,
007). Seminal kallikreins are involved in the regulation of
perm motility in bovine and ovine (Bratanov et al., 1978;
omlev et al., 1996). However, if left uncontrolled, increas-
ng in sperm motility could result in excessive generation
f oxygen reactive species, therefore causing damage to
perm membrane. Thus, factor XIIa inhibitor likely regu-
ates kallikrein activity in the activation level, maintaining
he sperm motility in optimal levels. The ﬁbronectin type
I domain present in the structure of factor XIIa inhibitor
Citarella et al., 2000) was responsible for its heparin bind-
ng ability, allowing us to capture it by heparin afﬁnity
hromatography in the present study. To the best of our
nowledge, this is the ﬁrst report of factor XIIa inhibitor in
he seminal plasma of tropically adapted rams. Extracellu-
ar Matrix Protein 1 (EMP1) is an 85 kDa glycoprotein with
road tissue distribution that inhibits the activity of matrix Morada Nova rams. The black line represents the absorbance units at
d to the HiTrap Heparin HP column.
metalloproteinases, thereby modulating tissue remodeling
(Fujimoto et al., 2006).
Dentin Matrix Protein 1 (DMP1) appears in the present
study as a component with afﬁnity for heparin. DMP1 is
a typical protein of bone and tooth tissues, playing a role
in matrix mineralization (Garcia et al., 1987; Dias et al.,
2009). This protein belongs to the Small Integrin-Binding
Ligand N-Linked Glycoproteins (SIBLINGs) family, charac-
terized by the presence of multiple acidic domains and the
RGD sequence, which allows their binding to integrins and
CD44 (Trocóniz et al., 1991). Osteopontin (OPN), another
member of the SIBLING family, is a well-known component
of seminal plasma and an indicator of superior bull fertility
(Killian et al., 1993; Cancel et al., 1997). Also, OPN improves
fertilization rates in vitro both in the bovine (Gonc¸ alves
et al., 2008) and swine species (Hao et al., 2006) and this
effect is probably mediated by binding of OPN to sperm
and oocyte integrins, through the RGD domain (Gonc¸ alves
et al., 2007; Souza et al., 2008). OPN has been previously
described by Western blots in the seminal plasma of Santa
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Fig. 2. One-dimensional SDS-PAGE (10–15% gradient) of heparin-binding proteins from the Morada Nova seminal plasma. Lane A: molecular weight
ing prot
st intenstandards; lane B: whole seminal plasma proteins; lane C: heparin-bind
20  g of protein was added. Bands identiﬁed as 1–13 represent the mo
spectrometry, as shown in Table 1.
Inês rams (Souza et al., 2004). Given the structural simi-
larities among SIBLINGs, it is possible that DMP1 mediates
sperm–egg binding, as a synergistic mechanism to ensure
the success of fertilization. To the best of our knowledge,
the present study is the ﬁrst to describe the expression of
DMP1 in the seminal ﬂuid of any species.
In the bull, certain heparin-binding proteins from the
seminal plasma bind to sperm at ejaculation, inducing
capacitation (Miller et al., 1990). Part of this effect has been
associated to the Binder of SPerm proteins – BSPs (Feng
et al., 2006; Mader et al., 2006), secreted by the vesicular
glands. These proteins are present in the seminal plasma
of bulls (Manjunath and Sairam, 1987), goats (Villemure
Fig. 3. Western-blotting of proteins from Morada Nova seminal plasma and fractio
were  immunized against BSP1 (A) and Bodhesin 2 (B) antibodies.eins eluted from HiTrap Heparin HP column with 1 M NaCl. In all lanes,
se bands excised from the gel and subjected to identiﬁcation by mass
et al., 2003), pigs (Lusignan et al., 2007), horses (Calvete
et al., 1995) and bisons (Boisvert et al., 2004) and inter-
act with heparin through ﬁbronectin type II domains (Feng
et al., 2006). These same domains are used by such proteins
to bind gelatin (Manjunath et al., 1987), as well as other
ligands. The ovine BSPs are known as ram seminal vesi-
cles proteins (RSVPs), one with 14 kDa and another with
22 kDa (Bergeron et al., 2005; Fernández-Juan et al., 2006;
Nel-Themaat et al., 2006; Cardozo et al., 2008). However,
none of these components were detected as having afﬁnity
for heparin in the present study. Our Western-blots conﬁrm
that RSVPs are present in the fraction with proteins without
afﬁnity for heparin. BSP homologous from other species,
ns with (HBPs) and without (nHBPs) afﬁnity for heparin. PVDF membranes
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uch as goats (Villemure et al., 2003) and bisons (Boisvert
t al., 2004) do not bind to heparin as well. BSPs electrostat-
cally bind to heparin through basic amino acids located
n the ﬁbronectin type II domains, which interact with
cidic regions of GAGs (Cardin and Weintraub, 1989). How-
ver, amino acid substitutions in those binding motifs can
odify the afﬁnity of such structures for heparin (Ward,
010). Thus, it is possible that differences in the amino acid
equences of FNII domains in the RSVPs prevent them from
inding to heparin. We  have also found that RSVPs from
orada Nova seminal plasma only show very weak afﬁn-
ty to gelatin (Moura et al., 2012), a fact that could also be
he consequence of alterations in the amino acid sequences
f FNII domains. Bergeron et al. (2005) reported that BSP
omologues (equivalent to RSVP14) from Suffolk rams also
ad very low afﬁnity for gelatin, when compared to BSPs
rom bulls and bisons. Also, similar to what we found in the
resent work, those proteins described by Bergeron et al.
2005) did not bind to heparin. Given that the ability to bind
o heparin is crucial for the regulation of sperm capacita-
ion by BSPs (Thérien et al., 1995), it is possible that, in the
airy ram, RSVP14 does not play the same role in mediating
apacitation as seen in the bovine.
Contrarily to BSP proteins, we conﬁrmed in the present
tudy that Bodhesin 2 was in both heparin-binding and
on-binding fractions of the seminal plasma. Bodhesins are
ow molecular weight spermadhesins, ﬁrst identiﬁed in the
oat seminal plasma (Teixeira et al., 2006). Although these
roteins are expressed in different organs of the repro-
uctive tract, the vesicular glands are the major source of
he seminal plasma Bodhesins (Nel-Themaat et al., 2006;
elo et al., 2009). In Suffolk rams, Bergeron et al. (2005)
lso identiﬁed a 15.5-kDa spermadhesin as one of the
ajor components of the seminal plasma. The amino ter-
inal region of this protein has high sequence similarity
ith the boar spermadhesin AQN-1 (71%) and Bodhesin
 (93%). Bodhesins found in goat seminal plasma also
how similarity with AQN-1 (∼70%). Thus, it is possible
hat the spermadhesin detected in the Morada Nova semi-
al plasma have similar roles as those of goat Bodhesin
 and swine AQN-1, such as regulation of sperm capaci-
ation, formation of the oviduct reservoir and mediation
f oocyte fertilization (Topfer-Petersen et al., 1998, 2000,
008; Ekhlasi-Hundrieser et al., 2005).
Glycosidases have been described in the cauda epi-
idymal ﬂuid (Moura et al., 2010), accessory sex glands
Moura et al., 2007) and seminal plasma (Souza et al., 2012),
nd include -l-fucosidase, N-acetylglucosaminidase and
-galactosidase. These enzymes play multiple roles in
eproduction, including epididymal sperm maturation
Tulsiani et al., 1998), but some of them also bind to sperm
o participate in sperm–oocyte binding (Miranda et al.,
997). In the present work, we identiﬁed -mannosidase
n the heparin-afﬁnity fraction of the ram seminal plasma.
annosidases are expressed in the seminal plasma of sev-
ral species, such as drakes (Dzugan and Ksiazkiewicz,
009) and bulls (Jauhiainen and Vanha-Pertulla, 1987;
elly et al., 2006), originating from the epididymis (Syntin
t al., 1996; Castellón and Huidobro, 1999). However,
annosidases are also found in the sperm membrane
Tulsiani et al., 1993), where they function as receptorsesearch 113 (2013) 115– 127 123
to mannose-containing glycoproteins from zona pellucida,
and participated in sperm–egg interaction (Tulsiani et al.,
1989). Such ﬁndings suggest that ram seminal plasma man-
nosidases play a similar role in fertilization.
Another heparin- and mannose-binding protein found
in the present work is HRPE773. This protein participates
the processing of proteins for secretion in zymogen
granules, and binding to heparin appears to be essential
for its functionality (Kanagawa et al., 2011). This pro-
tein has a sugar binding domain and, in mammals, it is
believed to be a secretory lectin, with its mannose bind-
ing domain mediating cell–cell interactions (Kanagawa
et al., 2011). HRPE773 is expressed in the human prostate
(http://lbgi.igbmc.fr/Prima/InfosProcureAvecMacsim.htm)
but no information is available for other species. Based
on the published literature, the present work is the ﬁrst
report of HRPE773 expression in the seminal plasma of any
species. In rams, as in humans, this protein likely comes
from the prostate, but its exact role in the reproductive
tract remains to be determined.
Fructose is the main energy source for ovine spermato-
zoa and, thus, sperm ATP is produced mainly through
fructolysis (Mann and Lutwak-Mann, 1948). An impor-
tant source of fructose for epididymal sperm is the polyol
pathway, which involves glucose transfer from serum to
the epididymal lumen, its conversion to sorbitol by aldose
reductase, and ﬁnally the action of sorbitol dehydroge-
nase (SDH) transforming sorbitol in fructose (Frenette et al.,
2004; Pruneda et al., 2006). In the present study, we
detected sorbitol dehydrogenase in the heparin-afﬁnity
fraction. Although cauda epididymal ﬂuid is a major source
of SDH, it has also been detected as a secretion of the
accessory sex glands (Mann, 1974; Utleg et al., 2003). Sor-
bitol dehydrogenase is a normal component of the seminal
plasma (Ibarra et al., 1982) and, in buffaloes, its activity is
related with sperm motility (Dhanad et al., 1981).
Another protein detected for the ﬁrst time in the
hairy ram seminal plasma is fructose-1,6-biphosphatase.
This enzyme is classically associated with neoglucogenesis
pathways in liver and other tissues (Shibib et al., 1993).
Thus, its presence in either sperm or reproductive tract
ﬂuids is surprising because neoglucogenesis is an intracel-
lular process and sperm preferably use energy substrates
rather than build reserves. In dog sperm, fructose-1,6-
biphosphatase participates in glucose synthetic pathways
necessary for sperm capacitation (Albarracín et al., 2004).
However, species-speciﬁc differences do exist, such as in
the bovine, where glucose is an inhibitor of capacitation
(Parrish et al., 1989). Other ﬁndings in boars point to
another direction. In this case, fructose-1,6-biphosphatase
is present in epididymal sperm and work for production
of fructose-6-phosphate and glucose-6-phosphate, which
would then be used as energy sources in the glycolytic
pathway (Jones and Montague, 1991). Another enzyme
identiﬁed in the seminal ﬂuid associated with the glycogen
synthetic pathway is UTP-glucose-1-P-urydil-transferase
(UGP2), a component that plays a central role as a glu-
cosyl donor (Sutovsky, 2003). This enzyme belongs to
the uridyldiphospho-glucose-phosphate (UDPGP) type 1
family, which also contains other members, such as the
galactose-1-phosphate-uridyl-transferase (GALT). GALT
minant 124 J.A.M. Martins et al. / Small Ru
converts uridyl-diphospho (UDP)-glucose and galactose-
1-phosphate to UDP-galactose and glucose-1-phosphate
(Osaki et al., 1999). In the reproductive tract, GALT is found
as a membrane component of the sperm acrosomal mem-
brane. It participates in sperm–egg binding, overlying the
intact acrosome and acting as a receptor for the GlcNAc
residues on ZP3 protein (Yasuda et al., 1996; Stefan et al.,
2006; Rákos et al., 2007).
Considering that UDPGP type 1 have similar activities
in other tissues, it is possible that the UGP2 also plays
role in the modiﬁcation of sperm surface glycoproteins
during epididymal maturation (Tulsiani et al., 1998),
but this hypothesis needs experimental corroboration.
Phosphoglycerate kinase 2 (PGK2), identiﬁed among the
heparin-binding proteins of the present study, is another
protein involved in sperm energy metabolism. In this case,
PGK2 mediates the conversion of 1,3-biphosphoglycerate
in 3-phosphoglycerate, the ﬁrst step in the glycolytic path-
way for ATP production. Knock-out mice for PGK2 display
reduced levels of intra-sperm ATP, resulting in severely
decreased sperm motility and fertility (Danshina et al.,
2010). PGKs have been previously reported in the seminal
plasma of Santa Ines rams (Souza et al., 2012) and bovine
cauda epididymal ﬂuid (Belleannée et al., 2011).
Tubulin Polymerization Promoting Protein 2 (TPPP2)
is part of the tubulin polymerization promoting family.
TPPP2 is responsible for the polymerization of tubulin into
microtubules and microtubule bundling, maintaining the
integrity of the microtubule network (Tirián et al., 2003).
Although TPPP2 is primarily found in brain tissue (Vincze
et al., 2006), orthologs have been described in other ciliated
cells, including sperm (Orosz and Ovádi, 2008). Given that
sperm strongly rely on microtubule movement to achieve
motility (Turner, 2003), TPPP orthologs might be involved
in the formation and stabilization of the tail and/or in tubu-
lar protein interactions in sperm cells.
This work describes major heparin-binding proteins
from the ram seminal plasma. Some of these proteins
had been previously described in Santa Inês seminal
ﬂuid, such as clusterin, bodhesin 2, PGK2, lactoferrin,
alpha-2-macroglobulin, MMP2, heat shock protein 70 kDa,
and BPI-related proteins (Souza et al., 2012). Others,
however, are new to the seminal plasma, and reported
here for the ﬁrst time, such as LPO, HRPE773-like UGP2,
factor XIIa inhibitor and TPPP2. Some of these proteins,
mostly enzymes, are typical to intracellular environment.
Although activities of some of these enzymes had been
previously described in the seminal plasma, including
SDH (Ibarra et al., 1982), fructose-1,6-biphosphatase
(Kelly et al., 2006) and PGK2 (Souza et al., 2012), such
localization is intriguing. Some of these proteins have
also been found in the epididymis, secreted either in
epididymosomes, such as factor XIIa inhibitor (Thimon
et al., 2008), or directly in the cauda epididymal ﬂuid, as
is the case of sorbitol dehydrogenase and fructose-1,6-
biphosphatase (Belleannée et al., 2011). Another subset of
heparin-binding proteins have been identiﬁed as compo-
nents of epididymal sperm, such as SDH (Cao et al., 2009),
TPPP orthologs (Orosz and Ovádi, 2008) and fructose-1,6-
biphosphatase (Philippe et al., 1986; Jones and Montague,
1991). These components and likely are found in theResearch 113 (2013) 115– 127
seminal plasma as the result of release inside cytoplasmic
droplets during epididymal maturation or leak from dead
sperm stored in the cauda epididymis. The ﬁnding that
such proteins are found in very low amounts supports
this notion. Finally, some of these proteins also come
from accessory sex gland secretions, contained in prosta-
somes, such as SDH (Utleg et al., 2003) and HRPE773-like
(http://lbgi.igbmc.fr/Prima/InfosProcureAvecMacsim.htm).
In conclusion, the strategy of enriching seminal plasma
samples using liquid chromatography coupled with a
heparin afﬁnity column allowed the discovery of novel
components never found before in the ram seminal plasma,
such as the DMP1, HRPE773-like, cathelicidin and lactoper-
oxidase. We  also determined that BSPs, the most abundant
proteins of the ram seminal plasma, do not show afﬁnity
for heparin, differently from what has been reported for
other species, such as bovine, goats and bison. Considering
the importance of heparin as a binding partner in repro-
ductive events our ﬁndings give new insights on the roles
of seminal plasma proteins in the ram.
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